ABSTRACT
INTRODUCTION
Chaoui et al. 1, 2 were the first to suggest that assessment of the fourth ventricle, also called intracranial translucency, at the time of the 11-13-week ultrasound scan could be a method of early screening for open spina bifida (OSB). Subsequent studies have confirmed this observation [3] [4] [5] and have also reported an association between other posterior fossa abnormalities and OSB, including increased diameter of the brainstem (BS) and abnormal BS diameter-to-BS-to-occipital-bone distance (BS/BSOB) ratio [6] [7] [8] , obliteration of the cisterna magna [9] [10] [11] [12] [13] [14] , and posterior displacement of the aqueduct of Sylvius 15 . These ultrasound features are almost invariably present in first-trimester fetuses with OSB and are thought to be the result of early backward displacement of the posterior brain as a consequence of chronic leakage of cerebrospinal fluid through the spinal defect and hypotension of the cerebral ventricular system. As many more first-trimester fetuses are now being examined for posterior fossa anomalies, other defects affecting the posterior fossa have also become evident in early gestation. Indeed, the relationship between the early detection of anechoic spaces of the posterior brain and several central nervous system (CNS) anomalies, including Dandy-Walker malformation, Blake's pouch cysts and occipital cephalocele, have also been described [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Current ultrasound methods of identifying posterior fossa abnormalities in the first trimester include quantitative methods, such as measurement of the fourth ventricle, cisterna magna and BS/BSOB ratio, and qualitative methods, such as the lack of identification of the four echogenic lines that delineate the three anechoic spaces in the midsagittal view of the posterior brain, i.e. the BS, fourth ventricle and cisterna magna 11, 14, 22, 23 . The aim of this study was to describe a simple, qualitative and reproducible ultrasound feature, non-visualization of the choroid plexus of the fourth ventricle (CP-4V), that can be used for the prediction of CNS anomalies involving the posterior fossa and associated chromosomal defects during the first trimester of pregnancy.
METHODS
In order to determine the visualization rate of CP-4V in the first trimester of pregnancy, two groups of patients were selected. The first group was selected prospectively and consisted of consecutive women presenting for their first-trimester ultrasound scan between 11 + 0 and 13 + 6 weeks' gestation at the Delta Ultrasound Diagnostic Center in Obstetrics and Gynecology, Madrid, Spain, over the 6-month study period from May to October 2013. This group included singleton fetuses with a crown-rump length (CRL) of between 45 and 84 mm, normal karyotype and subsequent normal detailed second-trimester anatomy scan, that resulted in the delivery of phenotypically normal newborns. Ultrasound examination was performed under the protocols approved by the local institutional review board, and all patients gave consent for acquisition of three-dimensional (3D) ultrasound volume datasets and their subsequent offline analysis. In each case, two-dimensional ultrasound images of the midsagittal view of the fetal face and brain were obtained following the recommendations of The Fetal Medicine Foundation, UK 26 . Accordingly, CRL, fetal heart rate and nuchal translucency (NT) thickness were measured, and the nasal bones, ductus venosus waveforms and blood flow across the tricuspid valve were assessed and reported as being normal in all cases. A detailed examination of the fetal anatomy for the detection of major defects was also performed 26 . All examinations were performed transabdominally using high-resolution equipment (Voluson 730 Expert and Voluson E8 Expert, GE Medical Systems, Zipf, Austria). If the NT or nasal bones could not be identified clearly, a transvaginal examination was offered to the patient. During the 15-25 min assigned for the scan, one to three volumes were captured by an accredited operator (P.M.-T.) using optimized settings, and were stored on the ultrasound equipment hard drive. The 3D datasets were obtained in an initial midsagittal plane in the absence of fetal movements and with the fetus in a supine position with a mechanical 3D transducer using a sweep angle of 20-40
• from one side of the face to the other. This plane includes a complete view of the fetal profile, thalamus, midbrain, BS, fourth ventricle, CP-4V, cisterna magna, occipital bone and NT (Figure 1 ) 27 . Only a single volume for each fetus, which was assessed subjectively to be the one with the best quality, was selected for subsequent analysis; the quality of the final 3D volume dataset used for the study was classified subjectively as good, moderate or poor.
The second group included patients identified as having a fetus with a suspected posterior fossa anomaly on first-trimester ultrasound examination in two dedicated fetal medicine centers (Delta, Madrid, Spain and Fetalmed, Santiago, Chile) over a period of 6 years from 2010 to 2015. In our centers, first-trimester 3D datasets are stored routinely when a fetal abnormality is suspected on anatomical survey which, since 2010, includes a detailed examination of the posterior fossa and measurement of the intracranial translucency 27 . The corresponding 3D datasets from these cases were retrieved retrospectively and combined randomly with the normal cases to form the final study group.
Two operators (T.I., B.A.), with extensive experience in 3D ultrasound and blinded to the ultrasound and clinical information of the pregnancies, analyzed the stored 3D datasets of both groups offline as follows: (1) the 3D volumes were downloaded onto a compact disk and processed with a personal computer using commercially available software (4D View version 5.0, Luminaria, GE Healthcare); (2) the original volume was displayed automatically in three orthogonal planes, with Panel A showing the initial midsagittal plane, Panel B the axial plane and Panel C the coronal plane; (3) after image adjustments and volume contrast imaging (GE Medical Systems) had been applied, the image in Panel A was rotated along the z-axis until the occipital bone appeared parallel to the x-axis; (4) then, the reference dot was placed on the CP-4V, which is seen as an echogenic linear structure located between the posterior edge of the BS and the inner edge of the occipital bone, and separates two anechoic spaces that correspond to the fourth ventricle anteriorly and the cisterna magna posteriorly ( Figure 2 ). The two operators were asked to identify the CP-4V in both the sagittal and axial planes and to assess it as visible or non-visible in both planes.
All the operators involved in the study were accredited and regularly audited for their performance in the 11-13-week scan by The Fetal Medicine Foundation, UK. Information regarding maternal demographics, ultrasound findings and pregnancy outcomes was obtained from ultrasound reports and medical records, or from the patients themselves. Statistical analysis was performed using Excel 2003 software (Microsoft Excel, Microsoft Corp., Redmond, WA, USA) and was used to evaluate the correlation between visualization or non-visualization of the CP-4V and pregnancy outcome. Evaluation of interobserver agreement for the identification of the CP-4V was also intended but not ultimately performed (see Results). Normal fetus (n = 1)
45,X (n = 1) 
RESULTS
The 3D datasets from 92 first-trimester singleton pregnancies were analyzed, 65 of which were obtained prospectively from normal, low-risk pregnancies and 27 of which were from pregnancies identified retrospectively as having an abnormal fetal posterior fossa on the first-trimester 60 (range, 45-84) mm and median NT was 1.5 (range, 0.6-8.1) mm. The CP-4V was classified as visible in 64 cases and non-visible in 28 cases, with agreement between the two observers in both the sagittal and axial planes in all but one case. The case on which there was disagreement was a fetus with a 45,X karyotype (Turner syndrome), in which neither of the observers identified the CP-4V in the sagittal plane, although one identified it in the axial plane. The quality of the 3D volume in this particular case was considered to be poor at initial evaluation. In view of the high correlation between observers' assessments, no further statistical analysis to evaluate interobserver agreement was considered to be necessary.
All fetuses with a posterior fossa abnormality identified during the first trimester were subsequently confirmed as abnormal by chromosomal analysis, second-trimester ultrasound, fetal magnetic resonance imaging (MRI) or postmortem or postnatal findings. In addition, there were no false-negative cases as determined by the information gathered at the second-trimester scan or information obtained from the parents or the referring obstetrician after birth. Overall, the CP-4V was non-visible in 20 fetuses with aneuploidy (trisomy 18 (n = 10), triploidy (n = 5), trisomy 13 (n = 3), Turner syndrome (n = 1) and trisomy 21 (n = 1)), in 12 fetuses with CNS anomalies (OSB (n = 6), Dandy-Walker malformation (n = 2), Blake's pouch cyst (n = 2), cephalocele (n = 1) and megacisterna magna (n = 1)) and in one euploid normal fetus. Among them, three fetuses with OSB were aneuploid (trisomy 18 (n = 2) and trisomy 13 (n = 1)), the fetus with megacisterna magna had Turner syndrome and one with Blake's pouch cyst had trisomy 21 (Figures 3-8) . The most relevant clinical and ultrasound findings in the 28 fetuses with non-visible CP-4V reported in this study are presented in Table 1 . In addition, Figure 7 shows the findings in Case 25, in which serial ultrasound assessment between 10 and 19 weeks' gestation of a complex CNS anomaly, including Dandy-Walker malformation, was performed. Karyotype was normal and postmortem examination performed after elective termination of pregnancy confirmed the prenatal findings, including those obtained by ultrasound and fetal MRI performed at 20 weeks' gestation. Figure 8 displays the prenatal findings in Case 21, in which the CP-4V was absent at 12 + 6 and 14 + 4 weeks, and fetal ultrasound and MRI at 20 weeks revealed a Blake's pouch cyst.
DISCUSSION
This study demonstrates that the CP-4V, which is visualized between the BS and the occipital bone in the first trimester by ultrasound, is not identified in many fetuses with CNS anomalies that involve the posterior fossa. According to our experience, qualitative evaluation of the CP-4V on ultrasound is reproducible and, therefore, can facilitate the early detection of anomalies of the posterior fossa, which in many cases may be associated with aneuploidy or other CNS anomalies.
After the seminal observation describing the identification of the fourth ventricle as a technique for early screening for OSB 1 , first-trimester ultrasound examination of the posterior fossa has received considerable interest. The pathophysiological explanation for the partial or total disappearance of the fourth ventricle in fetuses with OSB is leakage of cerebrospinal fluid with subsequent caudal displacement of the hindbrain; the posterior edge of the BS then approaches the occipital bone, thereby displacing the fourth ventricle backwards, with concomitant effacement of the cisterna magna 7, [28] [29] [30] . This would explain the final position of the CP-4V juxtaposed with the edge of the occipital bone. In this way, the CP-4V is present but non-visible in its normal position.
In addition, the majority of investigators agree that cerebellar anomalies can be diagnosed accurately only after 18 weeks' gestation. Nevertheless, some studies have shown that an abnormal enlargement of the fourth ventricle in the first trimester can be related to posterior fossa anomalies such as Dandy-Walker malformation, Blake's pouch cyst, vermian hypoplasia and Joubert syndrome. Bornstein et al. 20 reported two first-trimester cases of enlargement of the posterior fossa that were subsequently diagnosed as Dandy-Walker malformation. Lachmann et al. 21 retrospectively examined the first-trimester appearance of the posterior fossa in four fetuses subsequently diagnosed as having Dandy-Walker malformation during the second trimester. They found that the BSOB diameter was above the 95 th percentile and the BS/BSOB ratio was below the 5 th percentile in all cases. Although they were the first to note that the border between the fourth ventricle and the cisterna magna was not visible in these cases 21 , their screening technique was focused on measuring the BSOB distance rather than visualization of the CP-4V, as in our study. Volpe et al. 22 described three cases of Dandy-Walker malformation and one case of Blake's pouch cyst in a study that included 21 fetuses with enlargement of the posterior fossa as detected by an abnormal four-line sign; seven were found to have chromosomal abnormalities and three had genomic imbalances. Garcia-Posada et al. 12 reviewed cisterna magna measurements from five fetuses with OSB, three with megacisterna magna, two with Blake's pouch cyst, and one with an arachnoid cyst of the posterior fossa. All five cases with OSB had a cisterna magna size below the 5 th percentile, while two of the cases with megacisterna magna and two of the cases with Blake's pouch cyst had a cisterna magna size above the 95 th percentile. In fetuses with posterior fossa abnormalities, the lack of fenestration of the foramina of Luschka and Magendie may explain the enlargement of the fourth ventricle that would prevent the later rotation of the vermis, and this would lead to formation of a Blake's pouch cyst. The upward rotation of a hypoplastic vermis in cases of Dandy-Walker malformation would also lead to a significant extension of the fourth ventricle.
Another important factor in the evaluation of first-trimester fetuses with an abnormal posterior fossa is its possible association with chromosomal abnormalities. Papastefanou et al. 19 were the first to describe a significant increase in the size of the fourth ventricle in some aneuploidies. Ferreira et al. 17 measured the posterior fossa in 81 first-trimester aneuploid fetuses and found that the BSOB diameter was significantly greater in aneuploid than in euploid fetuses and the BS/BSOB ratio was below the 5 th percentile in 16 (35.6%), 17 (81.0%) and five (33.3%) of the fetuses with trisomy 18, trisomy 13 and triploidy, respectively. The authors concluded that many aneuploid fetuses have abnormalities of the posterior brain detectable between 11 and 13 weeks' gestation.
The explanation of why some fetuses with aneuploidy have a larger fourth ventricle, smaller cisterna magna and, therefore, a CP-4V that is non-visible in its normal position is still uncertain. This is largely because, in most cases of aneuploidy, the overwhelming majority of women decide to terminate their pregnancy, and postmortem studies are not performed or are of limited utility for the study of small and fragile structures like the cerebellum, CP-4V and cerebellar vermis. This precludes the ability to achieve confident conclusions in most of the aneuploidy cases in our study as well as in the cases published by other authors 22, 23 . We suspect that many of these fetuses with an abnormal posterior fossa had underlying cerebellar and vermian anomalies that would have been clearly identified if the pregnancies had continued.
In summary, non-visualization of the CP-4V in the first trimester appears to be a strong marker of an abnormal posterior fossa and can suggest the possibility of a CNS anomaly, a chromosomal abnormality or both. Although we are well aware that the number of published cases that associate an abnormal posterior fossa with chromosomal and/or structural anomalies of the CNS is small and further investigations are needed to confirm our results, we suspect that, as more attention is paid to the evaluation of the posterior fossa in the first trimester, these associations will become better established. Early detection of an abnormal posterior fossa allows for the early consideration of a genetic diagnostic test, especially if there are other structural defects or a high-risk result in the combined screening, as well as a detailed study of the CNS and spine in order to evaluate for the presence of OSB in either the first or the second trimester. Close follow-up should be performed in the second trimester in ongoing pregnancies. Our observations, along with previous studies, suggest that if the fourth ventricle is enlarged and its choroid plexus is not visible, there is not enough information available to allow a distinction to be made between the different malformations of the posterior fossa in the first trimester and, therefore, we should wait until the second trimester to make a definitive diagnosis based on an ultrasound scan and possibly fetal MRI.
